The development of new sensitive, cost-effective and user-friendly colorimetric bioassays is in increasing demand to meet the requirement of modern clinical diagnostics and field detection. Herein, a novel iron oxide-to-Prussian blue (PB) nanoparticle (NP) conversion strategy was developed and applied to sensitive colorimetric immunosensing of cancer biomarkers. In a typical sandwich-type immunosensing system, the captured spherical antibody-conjugated iron oxide NPs were transformed into cubic PB NPs, which exhibited a highly visible blue color with high molar extinction coefficients. Hence, a new colorimetric immunosensing strategy was developed as a result of this low cost and simple transformation process.
Introduction
The "point-of-care" (POC) immunosensing of disease-related proteins, especially disease biomarkers, has become increasingly desirable to meet the requirement of modern clinical diagnostics. [1] [2] [3] [4] Different analytical principles such as chemiluminescence, fluorescence, electrochemistry and light scattering have been adopted for immunosensing. [5] [6] [7] [8] However, these methodologies are usually unadaptable for POC diagnostics. One of the most critical bottlenecks for POC detection is their analytical readout methods because most readout methods require expensive and bulky instruments and well-equipped laboratories. 9 Attacking this problem head on, the development of new immunoassays suitable for POC detection is thereby in increasing demand. Hence, colorimetric assays have been the subject of great research interest because of their incomparable advantages for POC detection such as simplicity, practicality and ease of result readout by only the naked eye. 9, 10 A variety of nanomaterials have been employed as colorimetric probes because of their unique physical and chemical properties. 11 Among those colorimetric probes, noble metal nanomaterials, especially gold nanoparticles (NPs), have been extensively used in nanoparticle aggregation-based colorimetric assays due to their high extinction coefficients and distance-dependent optical properties. 12, 13 However, gold NPs as colorimetric probes have some limitations for their wide application especially in resource-limited settings because of their intrinsic high cost. In order to achieve satisfactory sensitivity, the usage of complex nanoparticle stabilizing ligands and multiple signal amplification processes are generally indispensable in these colorimetric assays. 9, 10, 14, 15 Additionally, the nondirective properties of nanoparticle aggregation might lead to inaccurate target determination, 16 such as a false positive response as a result of the interfering environment-induced nanoparticle self-aggregation. 17, 18 Hence, the development of new, simple, sensitive and cost-effective colorimetric immunosensing strategies is of great importance.
With the rapid development of nanoscience, the exploration of nanomaterials with different physical and chemical properties for biosensing provides new opportunities to develop novel colorimetric immunosensing strategies. Prussian blue (PB), an ancient blue dye, is a prototype of mixed-valence tran-sition metal hexacyanoferrates. 19 PB NPs have shown great promise for various applications due to their unique electrochemical, catalytic and magnetic properties. 20 In addition to their low cost, nontoxicity, simple preparation and high structural stability, PB NPs exhibit a highly visible blue color with high molar extinction coefficients (1.09 × 10 9 M −1 cm −1 at 808 nm) comparable to that of gold nanorods in the near-infrared region (700-900 nm), 19 providing great potential as a promising colorimetric probe for immunosensing. Although PB NPs have been used in different types of assays such as the electrochemical sensing and colorimetric detection of glucose, H 2 O 2 , vitamin C and hydralazine, [21] [22] [23] [24] to the best of our knowledge, the iron oxide-to-PB NP transformation strategy has never been reported for colorimetric immunosensing. Through this conversion strategy, a number of biomolecules can be detected by this cost-effective and sensitive colorimetric method, thus expanding the application of these existing methods using PB as the colorimetric probe. Herein, a new colorimetric immunoassay has been proposed for sensitive detection of cancer biomarkers using a novel iron oxide-to-PB NP colorimetric conversion strategy as shown in Fig. 1 . Using a typical sandwich-type immunoassay as a model system, monoclonal antibody and iron oxide NPlabelled polyclonal antibody are used as the capture antibody and detection antibody, respectively. After the immunoassay reaction, spherical iron oxide NPs captured in the sandwichtype immunosensing system are dissolved in an acidic solution to release ferric ions, followed by the reaction with potassium ferrocyanide to produce cubic PB NPs, as shown in Scheme 1. As a result of this novel nanoparticle conversion process, a highly visible color change is achieved, which enables a new colorimetric immunosensing method without the aid of any complex nanoparticle stabilizing ligands and signal amplification processes. Using prostate-specific antigen (PSA) as a model analyte, the performance of the colorimetric immunoassay and its reliability for PSA detection in real human serum samples have been systematically studied. As far as we know, this is the first attempt to develop and apply the iron oxide-to-PB NP conversion strategy for colorimetric immunosensing of cancer biomarkers, which have great potential for the development of new, sensitive, cost-effective and user-friendly (e.g. no need of stabilizing ligands and multiple signal amplification processes, and the nontoxic properties of PB) colorimetric bioassays in various bioanalytical and environmental fields.
Experimental

Materials
Carboxyl-functionalized iron oxide nanoparticles (NPs) with a diameter of 40 nm were purchased from Ocean NanoTech LLC (USA). Polyclonal rabbit anti-human PSA antibody, monoclonal mouse anti-human PSA antibody and carcinoembryonic antigen (CEA) were purchased from Abcam (USA). Prostatespecific antigen (PSA), bovine serum albumin (BSA) and serum from normal human male AB plasma were obtained from Sigma-Aldrich (USA). Hepatitis B surface antigen (HBsAg) was acquired from Fitzgerald Industries International Inc. (USA). PB NPs were typically prepared according to the published literature. 19 Unless otherwise stated, all other chemicals were of analytical grade and used as received.
Preparation of antibody-conjugated iron oxide NPs
The polyclonal rabbit anti-human PSA antibody was covalently conjugated to carboxyl-functionalized iron oxide NPs through the typical carbodiimide method. Typically, 1.0 mg iron oxide NPs were dispersed in 2.0 mL deionized water with ultrasonication. An aqueous mixture (25.0 μL) of N-hydroxysulfosuccinimide (Sulfo-NHS) and 1-ethyl-3- [3-dimethylaminopropyl] carbodiimide hydrochloride (EDC·HCl) with the same concentration of 25.0 mg mL −1 was added to the nanoparticle dispersion, followed by reactions at room temperature for 30 min under gentle stirring. 80.0 μg polyclonal rabbit anti-human PSA antibody was then added into the above nanoparticle dispersion, followed by reactions at room temperature for 2.0 h under gentle stirring. The nanoparticle dispersion was centrifuged at 11 000 rpm for 10.0 minutes at 4.0°C to collect the antibody-conjugated iron oxide NPs, which were then washed 3 times with PBS ( pH = 7.4, 0.01 M). The antibody-conjugated iron oxide NPs were finally dispersed in 2.0 mL PBS ( pH = 7.4, 0.01 M) containing 0.2% BSA. The nanoparticle dispersions were stored at 4.0°C before use. 
Procedures of the colorimetric immunoassay
A 100 μL monoclonal mouse anti-human PSA antibody solution (30.0 μg mL −1 ) was added into each PCR tube (200 μL) and incubated for 12.0 h at 4.0°C. A 200 μL blocking buffer containing 5.0% BSA was then used to block the tubes for 2.0 h at 37.5°C, followed by incubation with different concentrations of standard PSA solutions containing 5.0% BSA for 2.0 h at 37.5°C. After thorough washing, a 100 μL polyclonal anti-PSA antibody-conjugated iron oxide NP suspension (0.5 mg mL −1 ) was added into each tube for further incubation at 37.5°C for 2.0 h. Finally, the PCR tubes were thoroughly washed with PBS.
To transform iron oxide NPs captured in the sandwich-type immunosensing system into PB NPs, a 120 μL HCl solution (0.1 M) was added into each tube, followed by ultrasonication for 1.0 h at room temperature. A 30.0 μL potassium ferrocyanide aqueous solution (90.0 mM) was then added into each tube to produce PB NPs from the reaction between ferric ions and ferrocyanide ions under acidic conditions. The immunosensing solutions were thoroughly mixed every 10 min, and were finally used for UV-Vis spectroscopic characterization, Fourier transform infrared spectroscopic (FTIR) and transmission electron microscopic (TEM) characterization after the reaction for 1.0 h.
Characterization and instruments
UV-Vis spectrometry, FTIR and TEM were used to characterize the immunosensing solutions before and after the iron oxideto-PB NP conversion process. The UV-Vis spectra of the immunosensing solutions were performed on a 96-well microplate using a SPECTROstar Nano Microplate Reader (BMG LABTECH). FTIR was performed on a Spectrum 100 FT-IR spectrometer (PerkinElmer, Inc.). Immunosensing solutions at the PSA concentration of 64.0 ng mL −1 before and after the iron oxide-to-PB NP conversion process were dropped on Whatman® cellulose chromatography paper (Sigma-Aldrich), followed by air drying at room temperature for the FTIR measurement using the chromatography paper as the blank. TEM was carried out to observe the morphology of nanoparticles in the immunosensing solutions using a JEOL 3200FS cryo-transmission electron microscope. Immunosensing solutions at the PSA concentration of 64.0 ng mL
before and after the iron oxide-to-PB NP conversion process were deposited on carbon-coated copper grids for TEM imaging. Additionally, photographs were taken with a Canon EOS 600D camera to record the color changes.
Colorimetric detection in human serum
Serum from normal humans was used for the real sample detection to validate the reliability of the developed colorimetric immunoassay. 10.0 μL different concentrations of standard PSA solutions were spiked into 1.0 mL human serum which was pre-diluted 3 folds with PBS to prepare the spiked serum samples with the final PSA concentrations of 4.0, 8.0 and 16.0 ng mL −1 , respectively. After thorough mixing, the concentrations of PSA in the spiked serum samples were tested with the developed colorimetric immunoassay. In addition, to validate the analytical reliability of the developed colorimetric immunoassay for detection of real human serum samples, the conventional UV-Vis spectrometry was used to measure the PSA spiked in the human serum samples to calculate the spike recoveries.
Results and discussion
Characterization and confirmation of the nanoparticle colorimetric conversion process
To confirm the generation of PB NPs in the immunosensing solutions after the iron oxide-to-PB NP conversion process, colorimetric, UV-Vis spectroscopic and Fourier transform infrared spectroscopic (FTIR) characterization were carried out. Fig. 2A shows the photographs of the immunosensing solutions before and after the nanoparticle conversion process. No apparent color change was observed in the absence of the target PSA after the nanoparticle conversion process, indicating the absence of PB NPs in the immunosensing solution, because no iron oxide NPs were captured in the immunosensing system without the target PSA. As expected, a clear color change from light brown to bright blue was observed in the presence of 64.0 ng mL −1 PSA after the nanoparticle conversion process. The light brown color before the nanoparticle conversion process was attributed to the iron oxide NPs captured in the immunosensing system. The bright blue color after the nanoparticle conversion process was consistent with the typical color of PB NPs, revealing the generation of PB NPs in the immunosensing solution.
With the clear color change after the nanoparticle conversion process, a broad absorption peak was observed at 748 nm in the UV-Vis spectra of the immunosensing solution (64.0 ng per mL PSA) (Fig. 2B) , while no absorption peak was exhibited before the nanoparticle conversion process. The absorption peak corresponded well with that of PB NPs attributed to the charge transfer transition between Fe(II) and Fe(III) in PB NPs, 19, 20 demonstrating the generation of PB in the immunosensing solution after the nanoparticle conversion process. The slight redshift of the absorption peak of PB in the immunosensing solution might be attributed to the different matrix effect from the immunosensing solution. No noticeable absorption peak was recorded both before and after the nanoparticle conversion process in the absence of the target PSA, which indicated that no PB was generated in the absence of the target PSA. These results confirmed the successful iron oxide-to-PB conversion process in the presence of the target PSA, providing the possibilities for colorimetric immunosensing of PSA. Along with color changes and UV-Vis spectra, FTIR was utilized to confirm the generation of PB in the immunosensing solution, as shown in Fig. 2C . As can be seen, an apparent stretching band was observed at 2085 cm −1 after the nanoparticle conversion process, while no band was observed before the nanoparticle conversion process. Significantly, the stretching band corresponded well with that of PB NPs (2085 cm −1 ), demonstrating the successful iron oxide-to-PB conversion process in the presence of the target PSA. The stretching band can be attributed to the CN stretching in the formed [Fe II -CN-Fe III ] structure in PB NPs. 25, 26 To further confirm the iron oxide-to-PB NP conversion process, TEM was used to study the morphological change of nanoparticles in the immunosensing solutions. Fig. 3 shows the TEM images of nanoparticles in the immunosensing solutions before and after the nanoparticle conversion process. It can be seen that before the conversion, a number of iron oxide NPs with uniformly spherical morphology with an average diameter of 40 nm were observed in the TEM image, which was in good agreement with the product information from the manufacturer (Ocean NanoTech LLC, USA). However, an obvious change in morphology of the nanoparticles was observed after the nanoparticle conversion process. With the disappearance of the spherical iron oxide NPs, nanoparticles with clear cubic morphology of the size from 20 to 100 nm were observed in the TEM image. The cubic morphology of the nanoparticles was in good agreement with the well-known cubic morphology of PB NPs. 19, 27, 28 Spherical iron oxide NPs captured in the sandwich-type immunoassay system were first dissolved in acidic conditions under ultrasonication to release ferric ions (Fe 3+ ), followed by the reaction between ferric ions and the added ferrocyanide ions to produce PB NPs that had a typical cubic morphology. The wide size distribution of PB NPs in the immunosensing solution might be due to the absence of surface capping agents during the nucleation between ferric ions and potassium ferrocyanide. 28 These results further confirmed the successful spherical iron oxide-to-cubic PB NP conversion process.
Colorimetric immunosensing using the nanoparticle conversion strategy
To study the feasibility of the iron oxide-to-PB NP conversion strategy for colorimetric immunosensing, different concentrations of standard PSA in bovine serum albumin (BSA) solutions were tested with the immunoassay method illustrated in Fig. 1 . Fig. 4A shows that as the PSA concentration increased in the range from 1.0 to 64.0 ng mL −1 , a gradually deepening tendency from light yellow to bright blue in the color of the immunosensing solutions was observed after the nanoparticle conversion process. As the PSA concentration increased, the amount of iron oxide NPs captured in the immunosensing system increased accordingly, thereby resulting in the concentration increase of PB NPs generated from the iron oxide-to-PB NP conversion process. It was reported that PB NPs showed high molar extinction coefficients comparable to that of gold nanorods in the near-infrared region (700-900 nm). 19 Therefore, by employing PB NPs with high structural stability and simple transformation as a colorimetric probe, the iron oxideto-PB NP conversion process provides a new promising strategy for cost-effective and easy-to-use colorimetric immunosensing. In addition, with the clear color change as the PSA concentration increased, the absorption peak of PB NPs at 748 nm in the UV-Vis spectra also increased (Fig. 4B) . Excitingly, it was found that the absorbance at 748 nm was proportional to the logarithm of the PSA concentration in the range from 1.0 to 64.0 ng mL −1 , the common clinically relevant diagnostic level, 29 with a correlation coefficient of 0.996 (Fig. 4C) . The result demonstrated a good agreement between colorimetric immunosensing and UV-Vis spectrometry. It was also found that visible color difference between 1.0 ng mL −1 PSA and the control can be distinguished by the naked eye, as shown in Fig. 4A , suggesting high sensitivity of the colorimetric immunosensing method without the aid of any nanoparticle stabilizing ligands and signal amplification processes. The distinguishable color difference between 1.0 ng mL −1 PSA and the control was further confirmed by the UV-Vis spectra as shown in Fig. 4B . Hence, PSA could be quickly detected at a concentration as low as 1.0 ng mL −1 with the naked eye. Although this concentration is higher than that of some electrochemical and fluorescence methods, 30, 31 it is much lower (∼80 folds) than that of the reported Au NP-based colorimetric PSA assay (80 ng mL −1 ), 32 indicating the highsensitivity of our method. This limit of detection (LOD) is also comparable to the conventional ELISA method (LOD: 1.0 ng mL −1 ) and commercial PSA ELISA kits (LOD: 1.0 ng mL −1 , Biocell Biotechnol. Co., Ltd, Zhengzhou, China) using spectrometers as reported in the published literature. 33 Furthermore, it is worth noting that the colorimetric immunoassay can meet the requirement of clinical diagnostics because the threshold concentration of PSA in human serum in prostate cancer diagnostics is 4.0 ng mL −1 .
33
Specificity of the colorimetric immunosensing strategy
To evaluate the specificity of the colorimetric immunosensing strategy, some other common interfering substances in serum with 10-fold higher concentrations than PSA (16.0 ng mL −1 )
including carcinoembryonic antigen (CEA), Immunoglobulin G (IgG), and hepatitis B surface antigen (HBsAg) were tested with the colorimetric immunoassay. It should be noted that 4.0 ng mL −1 was used as the lowest PSA concentration for specificity study because of its clinical diagnostic significance as a lower threshold diagnostic concentration. 33 Normal human serum was also used as an interfering substance. As shown in Fig. 5A , only the immunosensing solution obtained from the target PSA (4.0 and 16.0 ng mL −1 ) exhibited a clear color change to blue after the nanoparticle conversion process. In addition, the UV-Vis spectra (Fig. 5B) show that only the immunosensing solution obtained from the target PSA had obvious absorption at 748 nm, while other interfering substances exhibited less than 4.7% absorbance in comparison with PSA (relative to blank). These results confirmed high antiinterference capability of the colorimetric immunosensing strategy for PSA detection in the presence of high concentrations of interfering substances.
Colorimetric immunosensing in human serum samples
To validate the analytical accuracy of the developed colorimetric immunosensing method for detection of real samples, serum samples from normal human were spiked with different concentrations of standard PSA for the colorimetric determination. As an important lower threshold concentration for clinical prostate cancer diagnostics, 33 4.0 ng mL −1 was herein selected as the lowest spiked concentration for the validation study.
A distinct difference in the color of the immunosensing solutions was observed by the naked eye as shown in Table 1 . As the concentration of PSA spiked in the serum increased, a deepening trend of the color to blue was exhibited, which was consistent with Fig. 4A . Additionally, in order to confirm the results from color changes, conventional UV-Vis spectrometry was further used to detect PSA in the spiked human serum samples. The detection results obtained from the UV-Vis spectroscopic measurement corresponded well with that of the color changes. The analytical recoveries were in the range from 91.3-93.1%, which were within the acceptable criteria for bioanalytical method validation. 34 
Conclusions
In conclusion, a novel iron oxide-to-PB NP colorimetric conversion strategy has been developed for cost-effective and sensitive colorimetric assays. We have demonstrated its application in the sensitive detection of cancer biomarkers through a new colorimetric immunoassay, during which spherical iron oxide NPs captured in a sandwich-type immunosensing system are transformed into cubic PB NPs which exhibit highly visible blue color and high extinction coefficients. Without the aid of any complex nanoparticle stabilizing ligands and signal amplification processes which are generally required for traditional Au NP-based colorimetric assays, PSA as a model analyte can be detected at a low concentration of 1.0 ng mL −1 by our new colorimetric method. In comparison with the reported Au NPbased colorimetric assay, 32 our method is much more sensitive, with the LOD ∼80 folds lower than that of the Au NPbased colorimetric assay. Additionally, the cost of our method is much lower than the Au NP-based colorimetric method. We estimated that the unit price of Au nanoparticles ($ mg −1 ) is ∼48 000 folds more expensive than PB and iron oxide NPs (see Table S1 in the ESI † for comparison details). These unique advantages of the colorimetric immunosensing strategy make it particularly promising for development of sensitive, costeffective and convenient colorimetric POC bioassays for a broad range of bioanalytical and environmental applications, particularly in resource-poor settings. This conversion strategy also provides potential for developing other types of colorimetric methods based on PB NPs. But it should be noted that there are still several limitations of this new method for POC application, such as the relatively long and complicated nanoparticle transformation process. However, these limitations can be addressed to enhance the potential for POC detection by further optimizing the reaction conditions and simplifying the transformation procedure (e.g. carrying out the transformation reaction during ultrasonication). In addition, the integration of the new method on a microfluidic paper-based device using a colorimetric readout card 35 or some software like ImageJ 36 for quantitative analysis will provide a new opportunity to achieve simpler, faster, more sensitive, more objective and user-friendly POC detection. This work is underway in our group. 
